deficiency in skeletal muscle leads to reduced muscle mass, fiber-type switching, and glucose intolerance without insulin resistance or deficiency. Am J Physiol Cell Physiol 296: C930 -C940, 2009. First published January 21, 2009 doi:10.1152/ajpcell.00443.2008.-The ubiquitously expressed G protein ␣-subunit G s␣ is required for receptor-stimulated intracellular cAMP responses and is an important regulator of energy and glucose metabolism. We have generated skeletal muscle-specific G s␣-knockout (KO) mice (MGsKO) by mating G s␣-floxed mice with muscle creatine kinase-cre transgenic mice. MGsKO mice had normal body weight and composition, and their serum glucose, insulin, free fatty acid, and triglyceride levels were similar to that of controls. However, MGsKO mice were glucose intolerant despite the fact that insulin sensitivity and glucose-stimulated insulin secretion were normal, suggesting an insulin-independent mechanism. Isolated muscles from MGsKO mice had increased basal glucose uptake and normal responses to a stimulator of AMP-activated protein kinase (AMPK), which indicates that AMPK and its downstream pathways are intact. Compared with control mice, MGsKO mice had reduced muscle mass with decreased cross-sectional area and force production. In addition, adult MGsKO mice showed an increased proportion of type I (slow-twitch, oxidative) fibers based on kinetic properties and myosin heavy chain isoforms, despite the fact that these muscles had reduced expression of peroxisome proliferatoractivated receptor coactivator protein-1␣ (PGC-1␣) and reduced mitochondrial content and oxidative capacity. Therefore G s␣ deficiency led to fast-to-slow fiber-type switching, which appeared to be dissociated from the expected change in oxidative capacity. MGsKO mice are a valuable model for future studies of the role of G s␣ signaling pathways in skeletal muscle adaptation and their effects on whole body metabolism. G protein; atrophy G S ␣ IS A UBIQUITOUSLY EXPRESSED G protein ␣-subunit that couples many receptors to adenylyl cyclase and is required for the intracellular cAMP response to hormones, neurotransmitters, and other extracellular signals (44). Genetic defects in G s ␣ signaling lead to several diseases, including some (e.g., pseudohypoparathyroidism type 1A) that are associated with metabolic disorders such as obesity (25). The G s ␣ gene Gnas is a complex gene with multiple gene products (45). We have generated mice with a germline Gnas haploinsufficiency that specifically disrupts G s ␣ expression and showed that widespread G s ␣ deficiency leads to obesity, glucose intolerance, and insulin resistance (4). However, it is difficult to evaluate the contributions of G s ␣ deficiency in specific tissues on metabolic regulation using this model. We have therefore created G s ␣-floxed mice with loxP recombination sites surrounding G s ␣ exon 1 to be able to generate tissue-specific G s ␣-knockout (KO) lines (5). Using G s ␣-floxed mice, we have previously generated liver-specific G s ␣-KO mice and showed them to have increased glucose tolerance and insulin sensitivity and reduced adiposity (5), indicating that changes in glucose and energy metabolism observed in the germline KOs result from G s ␣ deficiency in one or more tissues besides the liver.
G S ␣ IS A UBIQUITOUSLY EXPRESSED G protein ␣-subunit that couples many receptors to adenylyl cyclase and is required for the intracellular cAMP response to hormones, neurotransmitters, and other extracellular signals (44) . Genetic defects in G s ␣ signaling lead to several diseases, including some (e.g., pseudohypoparathyroidism type 1A) that are associated with metabolic disorders such as obesity (25) . The G s ␣ gene Gnas is a complex gene with multiple gene products (45) . We have generated mice with a germline Gnas haploinsufficiency that specifically disrupts G s ␣ expression and showed that widespread G s ␣ deficiency leads to obesity, glucose intolerance, and insulin resistance (4) . However, it is difficult to evaluate the contributions of G s ␣ deficiency in specific tissues on metabolic regulation using this model. We have therefore created G s ␣-floxed mice with loxP recombination sites surrounding G s ␣ exon 1 to be able to generate tissue-specific G s ␣-knockout (KO) lines (5). Using G s ␣-floxed mice, we have previously generated liver-specific G s ␣-KO mice and showed them to have increased glucose tolerance and insulin sensitivity and reduced adiposity (5) , indicating that changes in glucose and energy metabolism observed in the germline KOs result from G s ␣ deficiency in one or more tissues besides the liver.
Skeletal muscle is an important tissue in glucose and energy metabolism due to its large requirement for nutrients and is a major site of glucose disposal after a glucose load (53) . The function of skeletal muscle is determined by muscle mass and fiber composition. In vertebrates, skeletal muscles are composed of various muscle fiber types, differing with respect to their contractile and metabolic properties. Muscle fibers can be classified as type I, IIa, IIx, or IIb based on the presence of myosin heavy chain (MHC) isoforms. Slow-twitch type I muscle fibers are rich in mitochondria and possess high oxidative capacity and are resistant to fatigue. Muscles enriched in type I fibers, such as soleus, perform sustained and tonic contractile activities, like postural tension. Conversely, fasttwitch type II muscle fibers have high glycolytic metabolism and fatigue easily. Muscle enriched in type II fibers, such as quadriceps and extensor digitorum longus (EDL), are typically involved in intense and rapid activities of short duration. Skeletal muscle can adapt to functional and metabolic demands by remodeling with fiber-type switches. Changes in muscle fiber composition are often associated with altered glucose metabolism, diabetes, and obesity with increased fast-twitch glycolytic fibers and decreased slow-twitch oxidative fibers (36) . Studies in animal models have also shown a strong relationship between muscle fiber type and the development of diabetes and obesity (39, 43) . Endurance training is beneficial to obese and diabetic patients through switching of muscle fibers to a more favorable metabolic composition (more type I fibers) (7, 19) . In addition, exercise stimulates insulin-independent glucose uptake in muscle through stimulation of AMPactivated kinase (AMPK) (11) .
In the present study, we generated skeletal muscle-specific G s ␣-KO (MGsKO) mice to examine the effects of complete G s ␣ deficiency on glucose and energy metabolism and on muscle composition and function. Our results show that muscle G s ␣ deficiency led to glucose intolerance despite no evidence for a defect in insulin secretion or sensitivity. Muscle G s ␣ deficiency also led to reduced skeletal muscle mass, which may play a causative role in the impaired acute glucose clearance. In addition, MGsKO mice showed an increase in the relative number of slow-twitch type I muscle fibers as they aged, despite the fact that these muscles had reduced mitochondrial content and oxidative capacity, features more typical of type II muscle fibers.
METHODS

Generation of MGsKO mice.
Mice with loxP sites surrounding Gs␣ exon 1 (E1 fl/fl ) (5) were mated with muscle creatine kinase-promotercre-transgenic (Mck-cre) mice (Taconic, Hudson, NY) to generate MGsKO mice (genotype E1 flox/flox :Mck-cre ϩ ). Specificity and efficiency of the Gs␣ deletion were examined by immunoblotting using a Gs␣-specific antibody (40) . Because the E1 flox allele had no effect on Gs␣ expression or phenotype, all E1 ϩ/ϩ or Mck-cre Ϫ littermates were used as controls. Mice were genotyped by PCR on mouse tail DNA as previously described (5) . Animals were maintained on a 12-h lightdark cycle (6 AM/6 PM) and a standard pellet diet (NIH-07, 11% calories from fat by weight). All experiments were performed on male mice at age 12-16 wk unless indicated otherwise. Animal experiments were approved by the National Institute of Diabetes and Digestive and Kidney Diseases Animal Care and Use Committee.
Measurements of body composition, blood pressure, and metabolism. Body composition was measured in nonanesthetized mice using the Bruker Minispec NMR analyzer mq10 (Bruker Optics, Woodlands, TX). Blood pressure was measured by a BP-2000 Specimen platform (Visitech System, Apex, NC). Oxygen consumption was measured by indirect calorimetry using a four-chamber Oxymax system with one mouse per chamber (Columbus Instruments, Columbus, OH; 2.5-liter chambers with wire mesh floors, using 0.6 l/min flow rate, 90-s purge, and 60-s measure). Total and ambulating motor activities were determined by infrared beam interruption (Opto-Varimex mini; Columbus Instruments).
Biochemical assays. Serum insulin, leptin, adiponectin, IL-6, and TNF-␣ levels were measured by radioimmunoassay kits (Linco, St Charles, MO). Free fatty acids and triglycerides were measured using reagents purchased from Thermo DNA (Waltheram, MA) and Roche (Indianapolis, IN), respectively. Measurement of tissue glycogen or triglyceride content was performed as previously described (6) . Fatty acid oxidation rates in isolated soleus muscles (18) and in whole body in vivo (12) were measured as previously described. Urinary catecholamine levels, corrected for creatinine, were measured as previously described (5). Serum lactate was measured using a kit from BioAssay Systems (Hayward, CA). For measurement of ATP, gastrocnemius muscle from randomly fed control and MGsKO mice were homogenized and precipitated with 1% trichloracetic acid. ATP was extracted with ether twice and dried to powder in a speed vacuum. ATP levels were measured with a kit from BioAssay Systems kit using a luminometer (CentroLB 960, Berthold Technologies, Oak Ridge, TN).
Glucose and insulin tolerance tests and hyperinsulinemic-euglycemic clamp studies. For glucose tolerance test, overnight-fasted mice were given intraperitoneal (ip) glucose (2 mg/g body wt), and tail blood was collected before (time 0) and at indicated times after injection for measurement of glucose (Glucometer Elite, Bayer, Elkhart, IN) and insulin. To examine insulin secretion, the study was repeated using glucose (3 mg/g body wt ip), and earlier time points were measured. For insulin tolerance tests, insulin (Humulin, 0.75 mIU/g ip) was administered to overnight-fasted mice, and glucose was measured at indicated time points. Hyperinsulinemic-euglycemic clamp studies were performed in awake, overnight-fasted mice as previously described (52) 14 C uptake into extracellular spaces. Quantitative real-time RT-PCR. Gene expression levels were measured by quantitative RT-PCR in a real-time PCR machine (MxP3000, Stratagene, La Jolla, CA). Total RNA was isolated using TRIzol reagent (Gibco-BRL, Gaithersburg, MD) and treated with DNase I at room temperature for 15 min. cDNA was synthesized by reverse transcription using random primers (Roche, Branchburg, NJ). PCR was performed in a mixture (20 -40 l) containing 20 -40 ng target cDNA, 50 -100 nM primers and 1ϫ SYBR (Applied Biosystems, Foster City, CA). The expression of each gene examined was normalized to ␤-actin expression, which was simultaneously measured in each sample by comparative quantification using the MxP3000 software. Specificity of each RT-PCR product was indicated by its dissociation curve and the presence of a single band of expected size on acrylamide gels. Primer sequences are available on request.
Glycerol-SDS-PAGE. Skeletal muscle MHC isoforms were separated by glycerol-SDS-PAGE and quantified as previously described (50) . Total protein was directly extracted from muscle tissues by homogenization in SDS-PAGE sample buffer. MHC isoforms were resolved using 8% polyacrylamide gel with a 50:1 ratio of acrylamideto-bisacrylamide containing 30% glycerol prepared in 200 mM Tris ⅐ HCl, 100 mM glycine (pH 8.8), and 0.4% SDS. The upper running buffer was composed of 100 mM Tris base, 150 mM glycine, and 0.1% SDS. The lower running buffer was a 50% dilution of the upper running buffer. The gels were run in an icebox at 72 V for 18 h, followed by 83 V for 6 h. Resolved protein bands were visualized by staining with Coomassie Blue R250. The SDS-gel and Western blots were quantified by densitometry using ImageJ software (version 1.61; National Institutes of Health, Bethesda, MD).
Measurements of muscle function. To measure postural tension, mice were placed on a metal grid plate that was then slowly turned upside down. The duration that mice were held in this position before dropping from the plate was determined as position holding time. Muscle contractile velocity was measured as previously described (50) . Briefly, mice were anesthetized with pentobarbital sodium (1 mg/10 g body wt ip), and intact soleus muscles were rapidly dissected and kept in a modified Krebs solution (118 mM NaCl, 25 mM NaHCO3, 4.7 mM KCl, 1.2 mM KH2PO4, 2.25 mM MgSO4, 2.25 mM CaCl2, and 11 mM D-glucose, pH 7.4) equilibrated with 95% O2-5% CO2 at room temperature (21-23°C). Twitch contractions were elicited by electrical stimulation (model 701B, Aurora Scientific) at supramaximal constant voltage pulses (0.1 ms, 15 V). Isometric contraction was analyzed at optimal muscle length predetermined by a serial testing of preloads with a dual-mode lever arm force transducer (model 300B, Aurora Scientific Inc). Data were collected by a digital controller A/D interface (model 604C, Aurora Scientific) and recorded by the Chart software (Aurora Scientific). Peak of twitch force was calculated as the difference between baseline and maximum force.
Immunohistochemistry. Muscles were rapidly frozen in liquid nitrogen-cooled isopentane and sectioned at a thickness of 10 m. The cryosections were fixed in 4% formaldehyde for 10 min, washed with PBS and placed in 3% H 2O2 for 10 min. After blocking in 10% normal goat serum, the sections were incubated with an anti-MHC I monoclonal Ab FA2 (1:100 dilution) (20) , or mouse anti-cytochrome-c oxidase subunit IV Ab CoxIV (1:500 dilution, Abcam, Cambridge, MA), at 4°C overnight. Sections were then incubated with biotinylated sheep anti-mouse secondary Ab in blocking solution containing 10% sheep serum and 1% BSA in PBS at room temperature for 30 min. The binding of FA2 to MHC I was detected and amplified using the avidin-biotin complex peroxidase method and visualized with 3,3Ј-diaminobenzidine. The sections were counterstained with methyl green before microscopic documentation.
Statistical analysis. Data are expressed as means Ϯ SE. Statistical significance among groups was determined using nonpaired Student's t-test, and differences were considered significant at P Ͻ 0.05 (one-or two-tailed).
RESULTS
Generation and characterization of MGsKO mice. MGsKO mice were generated by mating mice with loxP sites flanking G s ␣ exon 1 (E1 fl/fl ) (5) with muscle Mck-cre mice. Immunoblotting showed G s ␣ protein to be virtually absent in skeletal muscle with no change in G s ␣ expression in kidney, white adipose tissue, brain, or liver (Fig. 1A) . As there was no effect on G s ␣ expression in E1
flox/flox Mck-cre Ϫ ( Fig. 1A ) and no effect on phenotype, E1 ϩ/ϩ and Mck-cre Ϫ littermates were used as controls. G s ␣ protein levels were also significantly reduced in the heart, although not to the same extent as in skeletal muscle (Fig. 1A) . This reduction in G s ␣ expression in heart did not have severe effects on cardiac function in the basal state because MGsKO mice had normal heart rates and blood pressure ( Fig. 1, D and E) . While a severe decrease in cardiac function is generally associated with an increase in sympathetic nervous system (SNS) activity, we did not find evidence for such an increase in SNS activity in MGsKO mice based on urine catecholamine excretion, indicating well-compensated in vivo cardiac function (Fig. 3C ). MGsKO mice had normal survival and no differences in either body weight or composition as compared with controls ( Fig. 1 , B and C).
Glucose intolerance with normal insulin secretion and sensitivity in MGsKO mice. Skeletal muscle is the main site of insulin-stimulated glucose uptake, and therefore we first determined the effects of muscle G s ␣ deficiency on glucose metabolism. MGsKO and control mice had similar levels of glucose, insulin, free fatty acids, triglycerides, leptin, adiponectin, and IL-6 when measured in randomly fed mice (Table 1) . Serum IL-2 and TNF-␣ levels were undetectable in both control and MGsKO mice. There were also no differences in IL-6 or TNF-␣ mRNA levels in quadriceps muscle samples from MGsKO and control mice (Fig. 4G ). Intraperitoneal glucose tolerance tests showed MGsKO mice to be significantly glucose intolerant compared with controls ( Fig. 2A) . Simultaneously measured insulin levels showed them to be higher in MGsKO mice than controls at all postinjection time points (Fig. 2B) , suggesting that the glucose intolerance is not due to an obvious deficiency in insulin secretion.
To further evaluate the early and late phases of insulin secretion, a glucose tolerance test was repeated using a higher glucose dose (3 mg/g) and measuring insulin at earlier time points (Fig. 2C) . Postinjection glucose levels were higher in MGsKO mice than controls (data not shown). At 2 min postinjection, MGsKO mice had insulin levels twofold higher than in controls, although the difference was not significant due to variability in the data. In later time points, insulin levels were similar in MGsKO mice and controls. These results were consistent with an intact early phase of glucose-stimulated insulin release. In addition, there was no abnormal pancreatic islet histology observed in MGsKO mice (data not shown). Taken together, these results indicated that insulin deficiency or defect in glucose-stimulated insulin secretion is an unlikely explanation for the glucose intolerance of MGsKO mice. Although muscle-specific peroxisomal proliferator-activated receptor-␥ coactivator 1␣ (PGC-1␣) knockout mice were shown to have impaired ␤-cell function mediated by excess IL-6 secretion from muscle (14) , our results provide no evidence for a similar phenomenon in MGsKO mice. ), and MGsKO mice using a Gs␣-specific antibody. The presence of long and short forms of Gs␣ produced by alternative splicing of exon 3 results in a doublet. WAT, white adipose tissue. B and C: body weight (B) and body composition (fat and lean mass) (C) of male and female MGsKO (closed bars) and control (open bars) mice (n ϭ 10-16/group). D and E: systolic, diastolic, and mean arterial pressure (MAP) (D) and heart rate (E) in MGsKO mice and controls (bpm, beats/min; n ϭ 5-6/group).
To determine whether MGsKO mice had reduced insulin sensitivity, we next performed insulin tolerance tests and euglycemic-hyperinsulinemic clamp studies. Insulin tolerance tests showed that MGsKO mice had normal hypoglycemic responses to insulin (Fig. 2D ). This observation was confirmed by the euglycemic-hyperinsulinemic clamp studies (Fig. 2 , E-G). Before the clamp, control and MGsKO mice had similar fasting insulin levels (control 0.94 Ϯ 0.21 vs. MGsKO 0.81 Ϯ 0.18 ng/ml). Fasting glucose levels tended to be higher in MGsKO mice (control 161 Ϯ 9 vs. MGsKO 207 Ϯ 23 mg/dl). During the clamp, insulin was infused at the rate of 2.5 mIU⅐kg Ϫ1 ⅐min Ϫ1 to maintain insulin levels within physiological range (ϳ2 ng/ml). Glucose infusion was adjusted to maintain the same levels of plasma glucose (ϳ160 ng/ml). Glucose infusion rate, whole body glucose uptake, whole body glycolysis, and suppression of the endogenous glucose production during the clamp were similar in control and MGsKO mice (Fig. 2, E and F) , suggesting comparable whole body insulin sensitivity. Glucose uptake in skeletal muscle (gastrocnemius) was similar between control and MGsKO mice, while MGsKO mice had a tendency toward increased glucose uptake in white and brown adipose tissue (WAT, BAT) (Fig. 2G) . Whole body glycogen synthesis rates were higher in MGsKO mice (Fig.  2E ). This may be related to increased glycogen synthesis in liver because we found that this tended be higher in livers of MGsKO mice, although this did not reach statistical difference due to large variability in the data (Fig. 2H) . However, we found no differences in glycogen synthesis rate in either gastrocnemius or quadriceps muscle (Fig. 2H ). Liver and muscle glycogen levels measured in the morning (ϳ16 h after the beginning of the last dark cycle) were also similar in MGsKO and control mice (Fig. 2I) . Consistent with the similar rates of whole body glycolysis during the clamp study, serum lactate levels were also similar in randomly fed control and MGsKO mice (Fig. 2J) , suggesting that there is no defect in glycolytic glucose metabolism in muscles of MGsKO mice. Fig. 2 . Glucose metabolism in MGsKO mice. Glucose (A) and insulin (B) levels were measured in MGsKO (■) and control (E) mice at indicated times before and after intraperitoneal (ip) glucose (2 mg/g body wt; n ϭ 20 -25/group from 6 separate experiments). C: insulin levels measured before and after glucose administration (3 mg/g ip; n ϭ 8 -13/group). D: blood glucose levels measured at indicated times before and after intraperitoneal insulin (n ϭ 12-13 /group). E: glucose infusion rate (GIR) and whole body glucose uptake, glycolysis, and glycogen synthesis rates in MGsKO (closed bars) and control (open bars) mice during euglycemic-hyperinsulinemic clamp studies (n ϭ 4 -8/group). F: basal (hatched bars) and clamp (closed bars) endogenous glucose production rate in both groups of mice during the clamp study (n ϭ 7-8/group). G: glucose uptake in gastrocnemius muscle, WAT, and brown adipose tissue (BAT) during the clamp study (n ϭ 7-8/group). H: glycogen synthesis rates in gastrocnemius muscle (Gastroc), quadriceps muscle (Quad), and liver during the clamp studies (n ϭ 3-8/group). I: liver and muscle glycogen content in randomly fed MGsKO and control mice obtained during the AM period (n ϭ 4 -5/group). J: serum lactate levels in randomly fed male MGsKO and control mice (n ϭ 5-6/group). *P Ͻ 0.05 or **P Ͻ 0.01 vs. controls. Values are means Ϯ SE (n ϭ 5-7/group). MGsKO, muscle-specific Gs␣Ϫknockout mice. ND, not determined.
Taken together, these results indicate that MGsKO mice had similar insulin sensitivity in peripheral tissues as compared with control mice.
The phenotype of glucose intolerance despite normal insulin secretion and responsiveness suggests that skeletal muscle deficiency of G s ␣ may impair an insulin-independent pathway that also stimulates muscle glucose uptake, such as AMPK (2) . To test this possibility, we measured the effect of the AMP analog AICAR on glucose uptake in isolated EDL muscles. Under basal conditions, glucose uptake tended to be higher in EDL muscles of MGsKO mice than in controls, and the increase in glucose uptake in the presence of AICAR was similar in muscles from both MGsKO and control mice (Fig. 3A) . These results show that the ability of AMPK to stimulate glucose uptake was not altered in MGsKO muscle, although it did not rule out the possibility that upstream stimulators of AMPK were reduced in MGsKO mice. Immunoblotting analysis to determine the extent of AMPK stimulation did not find a significant difference between control and MGsKO mice in AMPK phosphorylation at Thr 172 in hind limb muscles of randomly fed mice (data not shown). In parallel, we measured insulin-stimulated glucose uptake in isolated soleus muscles. Similar to the result obtained from EDL muscles, soleus muscles of MGsKO mice showed higher basal glucose uptake than controls. The response to insulin, when defined as rise over the basal level, was reduced in soleus muscles from MGsKO mice compared with controls, although total glucose uptake in the presence of insulin was similar in the two groups (Fig. 3B ).
Because G s ␣ deficiency would be expected to disrupt ␤-adrenergic signal pathway in muscle, we examined urine catecholamine excretion, normalized to urine creatinine, to rule out the possibility that disruption of this pathway would lead to an alteration of overall SNS activity (Fig. 3C) . Excretion of norepinephrine and its metabolite dihydroxyphenylglycol, which mainly reflect SNS activity, and epinephrine, which mainly reflects adrenomedullary secretion, was similar between MGsKO and control mice, consistent with MGsKO mice having no major alterations in overall SNS activity.
MGsKO mice had reduced fatty acid oxidation in skeletal muscle but normal whole body energy expenditure and lipid metabolism. To determine whether muscle-specific G s ␣ deficiency may also affect energy balance and lipid metabolism, we measured metabolic rate and oxidative capacity in MGsKO and control mice. There were no differences in either total oxygen consumption or respiratory exchange ratio (V CO 2 /V O 2 ) between MGsKO and control mice at either ambient temperature (23°C) or thermoneutral temperature (30°C) when SNS is minimized (Fig. 4, A and B) . MGsKO mice had significantly increased ambulatory activity levels at 23°C, although activity levels were not different at 30°C (Fig. 4C) .
Isolated soleus muscles from MGsKO mice had reduced in vitro fatty acid oxidation rates (Fig. 4D) . Although we did not observe differences in expression of genes related to thermogenesis (uncoupling protein 3), lipid metabolism (muscle carnitine palmitoyltransferase 1; lipoprotein lipase), and mitochondrial function (transcription factor A mitochondrial) in quadriceps muscle (Fig. 4G) , immunohistochemistry using an antibody against cytochrome-c oxidase subunit IV demonstrated that soleus muscles of MGsKO mice had reduced perinuclear mitochondria (Fig. 4F) , which is consistent with the lower fatty acid oxidation in these muscles. Moreover, DNA microarray in soleus and quantitative RT-PCR in soleus and quadriceps showed significantly reduced mRNA levels of PGC-1␣, a cAMP-inducible transcription factor that promotes mitochondrial biogenesis. Because there were no differences in serum or liver and muscle tissue triglyceride levels between MGsKO and control mice (Table 1 and data not shown), the reduced fatty acid oxidation did not result in increased lipid accumulation in tissues. Consistent with the presence of normal triglyceride levels and energy expenditure, MGsKO mice had similar rates of whole body fatty acid oxidation as controls (Fig. 4E) , suggesting the presence of compensation in other tissue(s).
MGsKO mice had reduced muscle mass and force production. Tibial bone length of MGsKO mice did not differ from that of controls (18.9 Ϯ 0.1 mm in MGsKO vs. 18.7 Ϯ 0.2 mm in controls), indicating no gross abnormalities in linear growth. However, soleus muscles of MGsKO mice had significantly reduced muscle mass, as evidenced by decreases in the ratios of muscle-to-body weight and muscle mass-to-tibial length (Fig. 5A) . Position holding time in mice suspended on an upside down grate, a measure of postural tension, was significantly lower in MGsKO than control mice (MGsKO 13.8 Ϯ 1.8 vs. control 32.3 Ϯ 6.2 s, P Ͻ 0.05). This reduced capacity of postural holding was not related to a difference in body weight, indicating that along with reduced muscle mass, MGsKO mice had reduced overall muscle power.
More quantitative measurements of muscle force showed that soleus muscles of MGsKO mice tended to have lower twitch tension than that of controls when normalized by muscle weight, and significantly lower twitch tension when normal- ized by the tibial length (Fig. 5B) . Tetanic force, which is more representative of skeletal muscle function in vivo, was also decreased in soleus muscles of MGsKO mice when normalized by either muscle mass or tibial length (Fig. 5C) .
Changes in muscle fiber type composition in MGsKO mice. Muscle fiber type composition was assessed by measuring the relative amounts of MHC isoforms in soleus muscle by glycerol-SDS-PAGE (Fig. 6A, top) . MHC I, MHC IIa, and MHC IIx were clearly detectable in muscles of control mice, and MHC I, an isoform specifically expressed in type I fibers, was significantly increased in muscles of MGsKO mice, while the MHC IIa and MHC IIx isoforms associated with type II fibers were virtually undetectable. Quantification of MHC isoforms confirmed that muscles of MGsKO mice had a switch toward higher presence of more type I fibers (Fig. 6A, bottom) .
Consistent with the observed fiber-type switch based on MHC isoform analysis, studies of twitch contraction showed soleus muscles from MGsKO mice to have decreased contractile and relaxation velocities with prolonged contractile and relaxation periods (Fig. 6B) , which are characteristic of muscles primarily composed of type I fibers. Therefore soleus muscle of MGsKO underwent a fiber-type switch toward an increase in type I fibers based on both MHC isoform ratios and functional characteristics. To rule out the possibility that this fiber switch is secondary to an impaired energetic state due to decreased mitochondrial content, we measured ATP levels in gastrocnemius muscles of randomly fed MGsKO and control mice and found, if anything, these levels to be slightly higher in MGsKO mice, although the difference was not significant (Fig. 6C) .
To determine whether the switch of contractile proteins toward a more slow fiber phenotype in muscles of MGsKO mice was due to an increase in the size and/or number of type I fibers, we performed immunohistochemistry using a MHC I-specific monoclonal antibody on both soleus and gastrocnemius muscles, the latter being a mixed fiber type muscle. Compared with control muscles, both soleus and gastrocnemius muscles of 16-wk-old MGsKO mice had a greater proportion of MHC I-positive fibers (Fig. 7, A and C) . This fiber switch was acquired during the postweaning period, because , and ambulatory (Amb) and total activity levels (C) at 23°C (left) and 30°C (right) in 3-mo-old male mice (n ϭ 6 -8 mice/group). D: fatty acid oxidation rate in isolated soleus muscles from control (open bars) and MGsKO (closed bars) mice (n ϭ 7 mice/group). E: whole body in vivo fatty acid oxidation rate in MGsKO (■) and control (E) mice (n ϭ 5-6/group); cpm, counts per minute. F: immunohistochemistry of soleus muscle from control and MGsKO mice using a COXIV antibody showing perinuclear mitochondria (arrows). Original magnification ϫ40 and ϫ100 (insets). G: gene expression in quadriceps muscle of MGsKO and control mice measured by quantitative real-time RT-PCR and normalized to ␤-actin mRNA (n ϭ 5-8/group). PGC-1␣, peroxisome proliferator-activated receptor-␥ coactivator-1␣; UCP-3, uncoupling protein 3; Tfam, transcription factor A mitochondrial; mCPT, carnitine palmitoyltransferase 1, muscle isoform; LPL, lipoprotein lipase; FOXO, forkhead transcription factor 1; Atrog, atrogin-1/MAFbx; MuRF1, muscle-specific ring finger protein 1; AU, arbitrary units. *P Ͻ 0.05 or **P Ͻ 0.01 vs. controls. similar experiments performed in 3.5-wk-old mice showed that there were no differences between control and MGsKO mice in either muscle, although the proportion of type I fibers was lower in both sets of animals at the younger age (Fig. 7, D and  F) . In addition, both type I and II muscle fibers in the soleus and quadriceps had reduced cross-sectional area in 16-wk-old MGsKO mice (Fig. 7, A and B) . This finding is consistent with our observation of MGsKO having reduced muscle mass (Fig.  5A) . Reduced muscle fiber size was not acquired during adult life because we observed similar changes in type I and II muscle fiber size in 3.5-wk-old MGsKO mice (Fig. 7, D and  E) . We examined the expression of two ubiquitin ligase genes [atrogin 1/MAFbx and muscle-specific ring finger protein 1 (MuRF1)] known to be overexpressed in skeletal muscles undergoing atrophy (34) . Atrogin 1/MAFbx tended to be overexpressed, whereas MuRF1 tended to be underexpressed in quadriceps muscle of MGsKO mice, although the differences for both genes was not significant (Fig. 4G ). Because these genes are regulated by FOXO1, we performed immunoblots on gastrocnemius and soleus muscle extracts from control and MGsKO mice and found no differences in either phosphorylated or total FOXO1 protein levels (data not shown) or in FOXO1 mRNA expression (Fig. 4G) . Therefore the reduction in fiber size in MGsKO mice occurs early in development and the rate of growth of fiber cross-sectional area during early adult life appears to be similar in control and MGsKO mice.
DISCUSSION
Our previous mouse model with germline Gnas mutation revealed that partial G s ␣ deficiency causes diabetes and obesity (4), indicating the important role of G s ␣ signaling pathways in glucose and lipid metabolism. Since muscle is a major organ in glucose homeostasis, we have generated MGsKO mice to investigate its tissue-specific phenotypes. We found that MGsKO mice exhibited reduced skeletal muscle mass and altered myofiber composition with a switch toward type I oxidative fibers based upon MHC subtypes and kinetic properties although these skeletal muscles had reduced oxidative capacity. Metabolic studies revealed that MGsKO mice had normal body weight and composition, and normal baseline blood glucose and insulin levels as compared with their control littermates. However, the ability of MGsKO mice to clear an acute glucose load was markedly impaired. Results of insulin tolerance tests and euglycemic-hyperinsulinemic clamp studies showed that glucose intolerance in MGsKO mice was not a consequence of impaired insulin sensitivity. A similar phenotype of glucose intolerance with normal insulin sensitivity was reported by Handschin et al. (14) in skeletal muscle-specific PGC-1␣-KO mice. In this model, glucose intolerance was the result of increased muscle secretion of IL-6 and other cytokines leading to reduced insulin secretion from pancreatic ␤-cells. Glucose intolerance in MGsKO mice appears to result from a different mechanism, because these mice had normal IL-6 expression in muscle, normal serum IL-6 levels, and no evidence for a defect in insulin secretion. Therefore an alternative insulin-independent pathway might be responsible for the decreased glucose clearance in MGsKO mice.
The role of insulin-independent pathways in muscle glucose uptake has been emphasized in light of the presence of normal glucose tolerance in muscle-specific insulin receptor KO mice (1). Indeed, contraction-or hypoxia-induced glucose uptake in muscle requires activation of AMPK (29, 33, 47) . Administration of AICAR, an AMPK activator, enhances translocation of the glucose transporter 4 (GLUT-4) to the plasma membrane and glucose uptake in muscle (29) . Wortmannin, a phosphatidylinositol 3-kinase inhibitor, completely blocks insulin-stimulated glucose uptake but does not inhibit AICAR-or contraction-stimulated glucose uptake (16) , suggesting that AMPK induces glucose uptake in an insulin-independent manner. We did not observe significant differences in AMPK protein content or phosphorylation in muscle from MGsKO mice (data not shown). In addition, AICAR stimulation of glucose uptake in isolated muscles from MGsKO mice was similar to that of controls, indicating that intracellular AMPK remains intact in the muscle of MGsKO mice, and therefore, is capable of being normally activated, although we have not ruled out the possi- Evidence has demonstrated that intertissue communication plays an important role in the maintenance of normal glucose homeostasis. Changes in glucose concentration can be sensed by a variety of cellular mechanisms involving glucose sensors that constantly monitor blood glucose concentration to regulate food intake and glucose utilization (17) . One of the identified glucose sensors is located in the hepatoportal vein that can be activated when a glucose gradient is established between the portal vein and the hepatic artery (3). Increased portal vein glucose levels stimulate muscle glucose uptake through mechanisms requiring AMPK and GLUT-4 but not insulin and are presumed to be mediated via SNS output from the CNS (2) . Several studies have shown that the glucose uptake in skeletal muscle and other tissues such as brown adipose tissue is stimulated by the SNS in response to various factors, such as leptin and increased food intake (15, 30, 31, 35) . Some studies have implicated ␤-adrenergic receptors as mediators of SNS-stimulated glucose uptake in skeletal muscle (15, 32) . If this is the case, then one would predict that these effects would be disrupted by G s ␣ deficiency. It is likely that reduced muscle mass, particularly the marked reduction in fast-twitch type II muscle fibers that rapidly utilize glucose, also significantly contributes to reduced acute glucose clearance observed in MGsKO mice.
Skeletal muscle atrophy is a debilitating response to aging, starvation, physical inactivity, and many systemic diseases including malnutrition and diabetes. In efforts to identify therapeutic agents to reverse muscle wasting conditions, ␤-adrenoceptor (AR) agonists, traditionally used for treating asthma, were found to also lead to increased muscle mass in human and animals (10, 26, 28) . Since skeletal muscles contain predominantly ␤ 2 -ARs with Ͻ10% ␤ 1 -ARs and a smaller population of ␣-ARs (23, 46) , it is rational to believe that G s ␣, which couples ␤-ARs to increase intracellular cAMP levels, plays an important role in the anabolic effect of ␤-AR agonists on skeletal muscle. Consistent with this, muscle G s ␣ deficiency in our mice resulted in reduced muscle mass with reductions in fiber cross-sectional area, muscle mass, and muscle force.
In the present study, muscles of MGsKO mice had low levels of PGC-1␣ expression, which may potentially contribute to the reduced muscle mass in MGsKO mice because PGC-1␣ overexpression has been shown to prevent loss of muscle mass (38) . The reduced PGC-1␣ expression is likely secondary to impaired G s ␣/cAMP signaling because cAMP is known to induce the PGC-1␣ gene via phosphorylation of the transcription factor cAMP-responsive binding protein (CREB) (37) and the induction of PGC-1␣ expression in muscle by exercise is mediated through the ␤-adrenergic pathway (32) . Transducer of regulated CREB binding protein 1 also stimulates PGC-1␣ gene expression and mitochondrial biogenesis in muscle through CREB (49) . PGC-1␣ promotes mitochondrial biogenesis in skeletal muscle (24) , and therefore, in the present study, the reduced mitochondrial content in muscle of MGsKO mice was consistent with the low PGC-1␣ expression and lower fatty acid oxidation rates.
Skeletal muscle displays enormous plasticity, and its fiber composition can be regulated to meet physiological and environmental demands. Exercise, electrical activity, and calcium signaling all play important roles in the regulation of muscle fiber composition. Chronic administration of ␤-agonists have been shown to produce slow-to-fast muscle fiber transitions (27, 51) . Consistent with this, we found that muscle G s ␣ deficiency, which would block ␤-adrenergic signaling, caused a fast-to-slow fiber-type switch in both soleus and gastrocnemius muscle. Various transcriptional factors are involved in the control of muscle fiber-type switching (21, 24, 39) . Muscle atrophy and downregulation of slow-twitch type I fibers have been observed in transgenic mice overexpressing FOXO1 in 3/group) . B, top: representative twitch contraction curves of soleus muscle from MGsKO (dotted line) and control (solid line) mice normalized to peak tension. B, bottom: time to 50% of peak tension (TP50), time to peak tension (TPT), and time to relax to 50% of peak tension (TR50) in soleus muscle from MGsKO and control mice (n ϭ 3/group). C: ATP levels in gastrocnemius muscles from randomly fed control and MGsKO mice (n ϭ 7/group). *P Ͻ 0.05 or **P Ͻ 0.01 vs. control. skeletal muscle (21), but we find no changes in FOXO1 expression or phosphorylation in skeletal muscles of MGsKO mice. Surprisingly, although studies have shown PGC-1␣ to be preferentially expressed in muscles enriched with slow-twitch type 1 fibers and to be required for the formation and maintenance of type I fibers (13, 24) , MGsKO mice had a significant shift toward slow-twitch type I fibers concomitant with lower PGC-1␣ expression levels and lower oxidative capacity. These findings implicate a pathway independent of PGC-1␣ in the switch to type I fibers and show that the fiber type phenotype (e.g., MHC isoforms and twitch velocities) may not always correlate with oxidative capacity. We found no reduction in ATP levels in muscle of MGsKO mice, indicating that the fiber-type switch is not likely to be a response to an impaired energetic state. Increased locomotor activity (Fig. 4C) found in MGsKO mice may activate other signaling pathways to promote type I fiber formation, such as the calcineurin/ calmodulin kinase pathway (48) . The increased activity levels, adaptive changes in switching toward type I fibers, and possible compensatory changes in other tissues may account for the fact that MGsKO mice were able to maintain normal whole body fatty acid oxidation rates and normal overall energy balance.
Muscle adaptation occurs under various physiological and pathophysiological conditions. A decrease in slow-twitch type I fibers is associated with increased glycolytic capacity and reduced oxidative capacity in skeletal muscle of type 2 diabetes patients (36, 41). Conversely, both physical training (42) and short-term high-fat diet (8) lead to an increase of type I fibers relative to type II fibers. In the present study, we showed that muscle-specific G s ␣ deficiency resulted in a phenotype of reduced muscle mass and force production, decreased contractile and relaxation velocities, and impaired muscle mitochondrial function, a phenotype similar with aging-related sarcopenia (9, 22) . Since muscle is a main site of glucose uptake, reduced muscle mass may directly cause the impaired acute glucose utilization. In addition, the fast-to-slow fiber-type switching in MGsKO mice may be an adaptive response to maintain normal energy balance and nutrient utilization. Thus, our results provide evidence that G s ␣ plays an important role in preserving normal muscle growth and function such as contractility, fatigue tolerance, and glucose metabolism. Therefore, MGsKO mice provide a valuable model for future studies of the role of G s ␣ signal pathways in skeletal muscle adaptation to stress conditions as well as in the aging progress and may provide insights into therapeutic targets for metabolic and skeletal muscle disorders. 
